Introduction
Methylalumoxane (MAO), which remains the most widely used co-catalyst for olefin polymerizations with metallocene and pos t-metallocene catalys ts,I'-3 1 has been shown to act as a Lewis acid in removing an alkyl ligand from a pre-catalyst species under formation of a cationic active site.1 4-121 To be effective, MAO must be used in large excess over the transition metal component. For practical applications, it would thus be desirable to decrease the amount of M AO activator. This can be achieved by replacing it-at least in part-by triisobutylaluminum (TIBA): According to results of Fink and co-workers, the addition ofTIBA increases the catalytic activity of several zirconocene/MAO systems.rl3.141 Similar effects of TlBA on propene polymerizations were also reported for some constrained geometry titanium catalysts, I 15.161 while for the system Me2S i(2-Me-4-Phlnd)2ZrCI2/MAO, partial replacement of MAO with TlBA prolonged the catalyst activity.,17] The addition of TlBA increases the activity of several homogeneous zirconocene/MAO systems in the copolymerization of propylene with hex-l-eneY HI For gas-phase ethene polymerization with the catalyst system (I/BuCphZrCI 2 /MAO on various organic SUPPOltS, additions ofTlBA gave prolonged catalytic activities; at relatively low [AI]MAo/[Zr] ratios they also led to increased activities.r 191 For the catalyst system Me"Si(lndhZrCl:!/MAO on a silica gel support, the addition of TlBA has recently likewise been observed to cause a substantial increase of activities for ethene polymerization.
[201 It would thus appear worthwhile to investigate the mechanisms by which addition of TlBA and other aluminum alkyls affect the co-catalytic action of MAO. In this work, we have set out to characterize, by means of I H NMR spectroscopy, the species present in MAO solutions containing added TlBA or triethylaluminum (TEA), and in commercially available modified MAO (MMAO), prepared by hydrolysis of mixtures of TlBA and trimethylaluminum (TMA). The Lewis acidity of these species is studied by the use of electron paramagnetic resonance (EPR) spin-probe techniques,f I II Finally, we have tried to determine, by IH NMR, which cationic complexes are formed upon activation of (SBI)ZrCI 2 (SBI = racMe2Si(lndh) with various modified MAO samples, in order to correlate their relative abundance with the effects of these activators on the activity of (SBl)ZrCh-based catalyst systems toward ethene polymerization.
Results and Discussion

I H NMR Studies of MAO -TIBA Mixtures and of MMA 0
The MAO used in our study is prepared from commercial MAO by removal of the solvent and of most of th e trimethylaluminum content under vacuum at 20 D C for 20 h and then at 50°C for 2 h. The solid product obtained is hitherto referred to as MAO. The IH NMR spectrum of MAO in toluene-ds exhibits a broad signal in the range of 0 to -0.5 ppm, which is attributable to CH 3 protons of (AIMe(1 + 2<P ( I -x ))1/ clusters, while a more narrow signal at -0.38 ppm belongs to AI2Me(i (Figure la) Concomitantly with the formation of these mix ed iBu 2AI(~l-MehA l iBu 2 dimers, some of the Me groups of the MAO clusters, with composition (AIMe( 1+ 2 . \T 0 (1 _ X))1/,124-26 J are likely to be replaced by i Bu groups upon addition of TlBA. Formation of modified MAO clusters of the type (AIMeel + 2< _ v/B uyO(I_ .\)1/ is supported by th e observation that, in addition to a broad Me signal and the sharp signals of TlBA, MAO samples to which TlBA h as been added show broad I H signals at 1.12 ppm and 0.34 ppm, which are assigned to the methyl and methylene protons, respectively, of iBu groups transferred by TIBA to MAO clusters in exchange for Me groups ( Figure I b-d) . These two signals are also observed in I H NMR spectra of commercially prepared MMAO samples ( Figure Ie) . Both of these activator syste' ms thus seem to contain rather si milar (AIMe(1 .oj. 2x .-y/Bu"O(J _. XI )" species.
In distinction to commercial MMAO, however, freshly prepared MAO-TlBA mixtures g ive rise to some additional signa ls, marked by asterisks in Figure I b 
EPR Spin-Probe Study of MAO and MMAO Samples
The TEMPO-MAO System
The Lewis acidic sites of MAO have been characterized in a previous study by use of the stable nitroxyl radical 2,2,6,6-te.tramethylpiperidine-N-oxyl (TEMPO) and it has been revealed that MAO contains two types of acidic sites, I and II, which give rise to TEMPO add ucts with distinct EPR signals. 1 I II In order to further characterize the species responsible for these signals, the conditions of our lowtemperature experiments have now been changed such that appropriate amounts of TEMPO and of a MAO in toluene are directly and rapidly mixed at ca. -20°C in an EPR tube, and then frozen by immersion into liquid nitrogen and placed into the resonator of the EPR spectrometer. The sample is then allowed to melt and to warm to room temperature over a period of ca. 30 min, with EPR spectra being periodically recorded. As previously observed , the EPR signal of TEMPO coordinated to Lewis acidic site I dominates in the spectra immediately after interaction between TEMPO and MAO those previously reported,C and with characteristic inflection points, which un ambiguously document the existence of hyper fine splitting (hfs) from al uminum ( Figure 2a ). This spectrum is accurately simul ated by a theoretical spectrum (dashed line) with a hfs constant of aAI = 1.0 ± 0.1 G.
As previously noted, this signal rapidly disappears at room temperature, and after 15 min only the EPR signal arising from TEMPO coordinated to acidic sites II is observed, which displays an AI hfs with aAI = 1.9 ± 0.1 G (Figure 2b ).d This signal is smaller than that assigned to TEMPO at sites I, but is quite stable at room temperature. Apparently, coordination to sites II stabilizes TEMPO agai nst destruction by aluminum alkyls more efficiently than coordination to sites I. Based on their greater Al hfs, it is proposed that sites II are more Lewis acidic than sites I. Since a similar trend is apparent in the series TEMPO -AICI ) (aAI = 9.8 G), TEMPO -AICI 2 Et (a AI = 6.9 G) , and
have been assigned to coordinative ly unsaturated Al centers in an AI0 2 Me environment and sites I (a AI = 1.0 G) to Al centers in an AIOMe2 environment.
C The existence of AI hyperfine splitting for TEMPO coordinated to sites I was tentatively assumed in a previous study,11 11 based on a broadening of the correspond ing EPR signal compared to that of uncoordinated TEMPO. d Interaction of TEMPO with A12Mec» TEA , or TIBA in the absence of MAO leads to rapid disappearance of the EPR signal of TEMPO with no other signals being observed. (Table I) .
Both types of Lewis acidic sites present in the MAO -TIBA system are thus different from those pres ent in MAO (a N = 18.6GforlandaN= 19.5 G for I TlBA ; a A I = 1.9 Gfor II and a AI = 4.0 G for Il rlB A ). Relatively small amounts of TlBA (10%) thus appear to change the Lewis a c idic sites of MAO substantially. The acidic sites IITlBA in MAO -TlBA mixtures, in particular, appear to be more strongly Lewis acidic than sites II in MAO alone, based on the increased value of a AI = 4 G for TEMPO at site IITiBA vers us aAI = 1.9 G for TEMPO at site II. By analogy with the as signment of the MAO sites II, sites IITIBA can be assigned to coordinatively unsaturated AI0 2 (iBu) centers prese nt in mixed Table I . Even without precise knowledge concerning the nature of these sites, their larger (lAI values indicate that at least sites I1TEA and II/TEA are stronger than sites II of MAO. The addition of TEA, like that of TIBA, thus appears to increase the Lewis acidity of MAO.
Size Evaluation of MAO and MMAO Oligomers
The coordination of TEMPO with large molecules will increase its rotational correlation time 'c' and will hence change the relative widths and intensities of its EPR signal. The n values estimated from the spectra of TEMPO adducts with acidic sites I in a given reaction system correlate with the respective Lewis acidities of sites II, as judged by their (l AI values (Table I ). This observation would suggest that acidic sites of both types I and II are present on the same clusters in MAO solu tions, and that this is also the case for the solutions of MAO -TIBA, where a higher Lewis acidity of sites II appears to be associated with clusters of greater size.
At any rate, the results of our EPR spin-probe study show with unexpected clarity that rather uniform Lewis acidic sites with di stinct a AI values-rather than distributions of these parameters-are present in each of the co-catalyst systems studied. (Table 2) .c The formation of such a cation would be expected in these TIBA-containing reaction systems, where AIMe x units tend to be converted into mixed AIMe(x _ J / Bu species.
In addition , the presence of isobutene, apparent from its characteristic signal s at 4.74 and 1.63 ppm, indicates that metal hydrides, i.e., Zr-H and/or AI-H species, are also e The presence of one terminal Me gro up in species Ill' is indi cated by a IH NMR signal at ca. -0.53 ppm. The presence of two terminal iBu groups appears to be unfavorable, because of their steric interactions with the li ga nd framework (c.f. Figure 7) . likely to be present in these reaction systems. Further analysis of these polymerization activities is to be focused, however, on the metal alkyl species.
Cp-H
Polymerization Studies
The kinetics of ethylene polymerization catalyzed by (SBI)ZrCI 2 activated by MAO, MMAO, MAO-TIBA, and MAO-TEA has been studied by measuring the ethylene consumption by each of the catalyst systems in toluene solution at 50°C (see Experimental Part). For all activators used, the catalytic activity decreases with time ( Figure 8 ). The deactivation time and the initial maximum activity remarkably depend on the type of the activator. The (SBI)ZrCI 2 /(MAO -TEA) system exhibits the highest initial activity (600 kg PE· (mol Zr· h) -I) as compared to As could be expected from the simi larities of the 1 H NMR spectra of the respective catalyst systems (Figure 6d,e) , the kinetic curves for (SBI)ZrCI 2 /(MAO-TlBA) and (SBI)ZrCI 2 /MMAO are rather similar (Figure 8) . However, the activity of (SBI)ZrCI 2 /MMAO is somewhat smaller than that for (SBl)ZrCI 2 /(MAO-TlBA). The reason of this di ffere nce is still unclear.
We have further investigated the effect of additions of TEA and TlBA to MAO on the polyethylene yield for the first 3 min of polymerization (Table 3) (Figure 4 ) . With regard to practical applications, however, the use of TEA as a MAO modifier is hardy possible because of the rapid decay of the zirconocene catalyst. Only TlBA appears to be of pr imary interest as a co-catalyst additive under practical aspects. Our polymerization data are in good agreement with the previous results on the effect ofTlBA on the polymerization activity of various zirconocene/MAO systems. I 13-20) 
Experimental Part
Materials
Toluene was dried over molecular sieves (4 A), purified by refluxing over sodium metal, and distilled under dry nitrogen. Other solvents were distilled over sodium or sodiumbenzophenone under nitrogen and degassed under vacuum. All experiments were carried out in sealed high-vacuum systems using breakseal techniques. rac-(SBI)ZrCI2 was sy nthesized as described. [ 321 2,2,6,6_ Tetramethyl-piperidine-N-oxide (TEMPO) was purchased from Aldrich and used as a 10-2 _ 10-3 M toluene solution. Triisobutylaluminum (TID A) in toluene solution (commercial product, ::;2% AI as DIBAH, total AI content 1.6 M) was diluted prior to use to obtain a 0. 16 M toluene solution . Trimethylaluminum (TMA) was purchased from Aldrich. Methylaluminoxane (MAO) was obtained from Crompton GmbH (Bergkamen) as a toluene solution (total AI content 1.8 M, AI as AIMeJ 0.5 M) . MMAO (MAO, modified with TIBA) was purchased from AKZO as a solution in heptane (total AI content 7.1 wt. -%).
i H NMR spectra were recorded at 250.130 MHz, on a Bruker DPX-250 MHz NMR spectrometer. Typical operating conditions for iH NMR measurements: spectral width 5 kHz, spectrum accumulation frequency 0.5-0.2 Hz, number of transients 32-64, ca. 30° pulse at 2 ~IS . For calculations of IH shifts, the resonance of the CD2H-group of the toluene solvent was taken to be 2.1 1 ppm.
EPR spectra were recorded on a Bruker ER-200D spectrometer at 9.3 GHz, with a modulation frequency of 100 kHz, and a modulation amplitude of I G. Measurements were performed in glass tubes (d = 5 mm). Periclase crystal (MgO) with impurities ofMn2+ and Cr3+, which served as a side reference, was placed into the second compartment of the dual cavity. EPR spectra were simulated using the EPRI program descri bed in ref. [311 
Preparation of MAO Samples
(MAO-TEA) and (MAO-TIBA) Samples
The solid product prepared from commercial MAO by removal of the solvent and of most of the trimethylaluminum content under vacuum at 20°C for 20 h and then at 50°C for an additional 2 h (polymeric MAO with a total AI content of 40 wt.-% and a residual AIMeJ content of ca. 1 wt.-%) was used for the preparation of the samples. The obtained solid product was dissolved in toluene soluti ons of TIBA (TEA) to obtain mixtures with the desired AIMAdA ITlBA or AIM Ao/AITEA molar ratios. The thus prepared mixtures proved to be rather stable and could be used for NMR and EPR measurements within 1-2 d of preparation . For NMR investigations, toluene was replaced with toluene-d R by drying the prepared (MAO-TIBA(TEA» samples and re-dissolving the solid residue in toluene-dg.
Ethylene Polymerization Studies
Polymerization was performed in a 1.0 L steel reactor, equipped with magnetic stirrer, a waterjacket for temperature control, and an automatic computer-controlled system for ethylene feed and for recording the ethylene consumption vs time. The error bars for the repeated measurements were typically within the range of ± 10%.
The reactor was evacuated at 80°C, cooled to 20 "C, and then charged with 120 mL of a toluene solution containing (SBI)ZrCI 2 (2.4 ~mol) and the req uired amount of the activator (MAO, MAO -TEA (TIBA». The reaction mixture was heated to 50°C, saturated with ethylene to a total pressure of2 bar, and the ethylene consumption measurement was started. During the reaction time (10 min) the ethyl ene pressure, stirring speed, and temperature were kept constant. After 10 mi n, the reactor was vented, and the polymer was isolated by filtration and dried to constant weight at ambient temperature.
Conclusion
From our results we can conclude that the positi ve effects of TIBA additions on the activity of the catalyst system 
